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Abstract 
The running costs of production sites are a decisive factor in the overheads of automotive production. Because of this, it is important for many 
operators to decrease those costs in a sustainable way. Therefore, they try to reduce both the energy consumption costs of production systems, 
as well as their maintenance costs. However, most parts of the running costs are already determined during the very early phases of the product 
creation process. The approach in this paper shows how the decision for a specific manufacturing technology influences the factory costs. It is 
necessary to determine the life-cycle costs with regard to the manufacturing technology. Therefore, deep knowledge about the process itself and 
the support processes is required. This paper shows how cost relevant parameters can be identified and introduces a method to determine the 
prospective costs for maintenance and energy consumption in advance. 
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1 Introduction 
The increasing pressure to reduce CO2-emissions brought 
on by stricter environmental laws, coupled with an increase in 
the customers’ ecological awareness, means that many opera-
tors of manufacturing plants are interested in decreasing the 
energy consumption of production systems and, in doing so, 
the energy costs. [1] For this reasons, production systems 
should be planned and operated in a sustainable way. [2] That 
implies a consideration of the economic, ecological and social 
dimensions. [3] 
The automotive industry is faced with the challenge to pro-
duce high quality vehicles in a reasonable time and at moder-
ate costs. Therefore, the running costs of a production facility 
are a key factor in the economic efficiency of auto-motive 
production. 
Especially for planning a body shop, the consideration of 
running cost are important, because the manufacturing tech-
nologies are set for a typical production period of about 
7 years. [4] The biggest challenge thereby is to estimate the 
energy consumption of equipment. To get an overview of their 
own energy costs, the implementation of an energy manage-
ment system (EMS), like it is described in the ISO 50001, is a 
first step. In its second year, 2012, the ISO 50001 on energy 
management has shown a growth of 332 % to 1.981 certifica-
tions in 60 countries and economies. In Germany the new 
energy policy of the government (German Energy Transition) 
was a main driver for these certifications. [5] Additionally, an 
energy key figure model, which adapts to the needs of the 
respective factory, is useful for the support of energetic opti-
mization. [6,7] 
Although the ideal of greener or even emission free produc-
tion is proclaimed, the focus of many planners is still on cycle 
time, quality and costs. This is, among other things, due to the 
fact that there is a lack of useful and easy to use tools, which 
could support the planners and decision-makers. 
To achieve all the above listed aspects, data, like energy 
consumption or amounts of spare parts, should be measured in 
detail to derive a better awareness of the operating costs of the 
manufacturing system. [6] 
However, since every company or its divisions have differ-
ent boundary conditions, it is necessary to conceive a stand-
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ardized approach, which supports mainly manufacturing engi-
neers in the design of sustainable production facilities. So, a 
method for modeling the expected lifetime costs is necessary, 
which can specifically take into account the future energy 
consumption and therefore creates standardized and com-
parable key figures. 
The rest of the paper is organized as follows: In section 2, 
related works are discussed and the requirements for a fore-
casting method for the running costs are listed. In section 3 the 
cost estimation approach is presented and section 4 shows the 
functioning of the decision support tool. In Section 5 the 
method is applied with a case study. Finally, the paper is con-
cluded in section 6 and shows the tasks for future research. 
2 Literature research and current situation 
This section gives an overview of current research topics in 
the field of life-cycle costing (LCC) and predictions of energy 
consumption of production equipment in the automotive envi-
ronment. Furthermore, the current planning process of the car 
industry will be shown, as well as the challenges and require-
ments for a tool to support sustainable planning decisions. 
2.1 Current research about lifetime costs and energy forecast 
Lifetime costs and their minimization in general is a well-
known research topic and there have been several standards 
developed, like DIN EN 60300 or VDI 2884. [8,9] But most 
approaches focus on local measures and do not consider a 
holistic view of the whole factory system, which, as described 
in the asset management norms ISO 55000 ff., would be de-
sirable. [10] With respect to the increasing awareness of sus-
tainability in manufacturing, possible conflicts of objectives 
between different dimensions should be considered. [11] 
However, a holistic optimization over the life-cycle of car 
production and their manufacturing technologies are very 
complex and the results of them are difficult to determine. 
Due to this complexity there exists different approaches to 
reduce this to the necessary minimum. [12,13]  
A further attempt is the combination of a discrete-event 
simulation (DES) with life-cycle assessment (LCA). For this 
purpose, DES has been adapted to calculate energy use and 
material losses. However, the modified DES requires substan-
tially more total information than a conventional DES. [14] A 
similar approach is the streamlined LCA framework. This 
performance measurement system should help car makers to 
assess their technological options for sustainable mobility. 
This method requires companies to collect and interpret data 
on the environmental impact of used and alternative solutions. 
[15] Both methods provide mostly a framework, the collection 
of the necessary data applies to oneself. 
In this context, the reduction of the CO2-emissions is also 
often associated with life-cycle costs. The main focus will 
especially be on production emission in the coming years. 
Therefore, it is important that planners and operators achieve 
transparency in their energy consumption. And precisely here 
is the approach of a sustainable Energy Chain positioned, 
which considers all elements beginning from the energy sup-
plier to the end customer. Additionally, the energy consump-
tion is assessed, whether it is value-adding or not. This helps 
to find the levers to reduce energy consumption without re-
ducing the level of quality and quantity. [16] 
Another life-cycle evaluation approach for factories is pre-
sented, which is exemplarily applied to a case of a generic 
small enterprise from the metal processing industry. The main 
subsystems consist of production equipment, technical build-
ing equipment and building shell. How to generate the neces-
sary data, especially for the manufacturing equipment, re-
mains still open. [17] 
There exists different LCC or knowledge-based approaches 
for special fields, like for electric motors, aircrafts or gas 
turbines. [13,18,19] However, these approaches are primarily 
suitable for these special applications and concentrate on the 
particular circumstances. Therefore, these methods are not 
transferable directly, for example to body shop planning. 
In the field of simulation of energy-efficient production 
control, there are various approaches. Weinert designed with 
the EnergyBlock planning system, a methodology for produc-
tion planning in relation to optimizing energy efficiency. The 
methodology divides the energy consumption of production 
operations in segments and linearizes the energy values. So, a 
specific energy consumption value is generated for each oper-
ating state of the production equipment. The application has 
been specifically tested for production systems with low com-
plexity. [20] A further approach is the energy consumption 
prediction of a production system by using existing material 
flow simulation solution and expand them with energy values. 
Thus, a good approximation of the expected energy consump-
tion can be achieved from common systems. [21-23] Howev-
er, these approaches require a knowledge about the exact 
production equipment and their process sequences, both of 
which are not known at an early planning stage. In addition to 
the simulation approaches exists the energy value stream 
mapping (EVSM) method, which is derivate from the value 
stream. EVSM analyses the process and determines energy 
values for every step and tries afterwards to improve the ener-
gy efficiency. [24,25] Due to the structure of EVSM, it is also 
not perfectly suitable for the early planning phase. 
The literature review shows, that although many approach-
es for life-cycle costing and energy consumption forecasting 
exists, it is challenging to determine the whole costs over the 
lifetime of productions equipment in the automotive produc-
tion during the early planning phase. But right at this time, the 
highest potential is to influence the life-cycle costs, because 
about 70-80 % of the operating costs are committed during 
the concept stage. Influencing abilities are more limited and 
expensive the later they occur in the development cycle. [12] 
So, it would be helpful to know the running costs of different 
planning alternatives in advance and therefore this forecasting 
approach is designed. 
2.2 Current situation in the automotive industry 
The Product Development Process (PDP) in the automo-
tive industry is highly standardized. In this process the plan-
ning and design of manufacturing technologies is also deter-
mined and this takes place about 50 and 6 months before the 
start of production (SOP). 
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Fig. 1. An example Product Development Process and the planning of the manufacturing equipment. 
This circumstance leads to the fact that the biggest part of 
the future energy consumption or operating costs in general 
will be set before the production will start, compare Fig. 1. 
In the conflict between complex technical dependencies in 
factories and various objectives such as productivity, flexibil-
ity, availability, quality and ease of maintenance, the topic of 
energy and resource efficiency in the planning phase of manu-
facturing equipment will gain in importance. [26] 
During the planning stage of the production equipment, 
some conditions are predominated and limit the planner’s 
freedom of decision. An overview of important conditions, 
responsible instance and the effects on the freedom of deci-
sion are given in Table 1. This conditions and their effects 
were determined empirically by interviewing different person 
responsible along the PDP. 
Table 1. Overview about selected conditions, which influence the planning. 
Predominated conditions Specified by Effects 
Used materials for car body R&D Limits available production 
technologies 
Available area can influence 
the production technology 
Layout 
planner 
Maybe trade-off between 
area and costs 
Mostly maximum amount of 
invest costs are given 
Controlling Restrictions by the LCC 
calculations 
The assembly sequence is 
normally given 
Body shop 
white book 
Integration degree of 
production cells 
Available cycle time for a 
specific production step 
Production 
planner 
Limits available production 
technologies or need of 
parallel used equipment 
 
The departments design, research & development and con-
trolling determine a major part of the sustainable production 
possibilities. As a result of this, a tool which can point out the 
effects of a specific technologies on the lifetime running costs 
and on further elements of the factory, would be very helpful 
for such persons. So, the opportunity costs for a special mate-
rial or design which need a specific manufacturing process 
could be demonstrated and support a profitability study. 
2.3 Requirements for a decision support tool for running costs 
Based on the current research projects, future challenges 
and state-of-the-art technologies, the requirements for a plan-
ning tool to predict the running cost are listed below. 
Previous approaches in the area of increasing efficiency 
and energy simulations require known structures and the exact 
models of the technologies to be used. However, especially 
the planning of production systems and equipment in the au-
tomotive production follows a strictly defined PDP. This 
means that in the decision and interpretation for a specific 
production technology not all conditions are already fixed. 
So, the retroactive calculation of the life-cycle costs are 
possible, if all relevant data were identified and recorded over 
the lifetime. But for the calculation of the prospective life-
cycle costs there is a lack of information regarding operating 
costs. The energy costs for complex manufacturing technolo-
gies, like a robot cell for gluing in the body shop, are especial-
ly difficult to determine. 
A further challenge is to provide the planning department 
with cost data about investment, commissioning, maintenance, 
operating and other additional costs. Without such a “cost 
database” the tool cannot work reliable. 
To satisfy the needs of users the method to determine the 
prospective life-cycle costs has to be reliable, sustainable, 
efficient and easy to use. For these contexts, the following 
requirements are considered for a decision support tool: 
x Analysis of the possibilities to influence the facto-
ry costs in an early planning stage by taking into 
account the conditions in the automotive industry 
x Design of an energy simulation method and build 
a useful demonstration database 
x Creation and implementation of a demonstrator 
for energy consumption forecast 
x Integration of different databases to get necessary 
data, like for maintenance 
x Support the prediction of running costs and thus 
provides a basis for minimizing those 
x Consideration of all relevant aspects for a LCC 
calculation 
x For plain use the result should be shown as figures 
and also be graphically visualized 
After the identification of the research gap and specifica-
tion of the requirements, the estimation approach is presented. 
Thereby, it must be considered that the method can only be a 
framework or a guideline, because every possible user has 
different boundary conditions. 
3 A method for estimate the equipment life-cycle costs 
The basic idea of the method as well as for the tool is to 
find the optimum of the life-cycle costs for the planned pro-
duction equipment. This is supplemented by the present dis-
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counted value method, so that a monetary comparison over 
the time is possible. 
To achieve these objectives, the different cost have to be 
identified and determined, a possibility to compare different 
technologies and boundaries has to be created. Finally, the 
life-cycle costs for a specific manufacturing technology can be 
calculated and compared with other ones. 
3.1 Different costs and determination of their values 
An Analysis of the life-cycle of average production equip-
ment shows that for the applied method the different costs can 
be divided in five groups, which are listed in Table 2. 
Table 2. The main cost driver of manufacturing technologies. 
Main cost drivers Formula letter Occurrence 
Investment I Single 
Commissioning and training C Single 
Operation O Continuous 
Maintenance and spare parts M Regular/ sporadic 
Additional elements, like disposal A Single 
 
Basically, the calculation of LCC for this case are a sum of 
the different costs over the time, like it is shown in (1). 
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However, the determination of the needed operation costs 
in advanced is difficult and in many cases the needed data, 
especially for energy calculations, is not available. In princi-
ple, the energy cost during the operation (OEC) is an integra-
tion of the energy consumption over the time from start of 
production (SOP) until end of production (EOP) multiplied 
with the energy price (cenergy). It can be described as shown in 
(2). 
³
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A consideration of all energy values in complex production 
fields, like automobile production, is currently not economi-
cally feasible. Therefore, the elementary components are de-
termined for each technology and their average energy con-
sumption. The idea based on elementary energy units and is 
called “Methods-Energy Measurement” (MEM). It is analo-
gous to the model of Methods-Time Measurement (MTM) 
designed. MTM divides the process in basic steps. Every step 
has a time value, which was determined empirically. For the 
determination of the whole process time, all basic steps have 
to be aggregated. [27] The same procedure have to been ful-
filled for the MEM approach. Therefore, the integral calculus 
can be replaced with a summation of single MEM energy 
elements (ɂ) in different plant status (ɗ). It can be described as 
shown in (3). For this purpose it is necessary, that for all con-
sidered energy elements      
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The second challenge is the ascertainment of the costs for 
maintenance and the spare parts. For this purpose, historical 
maintenance records for unscheduled maintenance, faults to 
get the failure probability (P(Failure)), maintenance schedules 
for planned maintenance time (tTPM) and the costs for the 
maintenance stuff (cmain) are required, as well as costs for the 
spare parts (cSP). The calculation is shown in (4). 
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Many of the other costs can be collected from different 
stakeholders, like investment costs from the procurement 
department or from the suppliers. 
3.2 Comparing different technologies with joining equivalents 
For the represented purpose of this paper, the running costs 
should be determined at an early stage with the objective to 
support the decision which manufacturing process is economic 
and ecological most suitable. Therefore, it is necessary to 
compare different manufacturing technologies which each 
other. An opportunity would be the use of joining equivalents. 
As a result, the technologies could set in relation with each 
other. However, this is not part of this research work and for 
this reason the fictitious joining equivalent variable ξ is used 
in this work. 
3.3 Possibility to compare different boundary conditions 
A further point is the consideration of different boundary 
conditions. For example, the electricity costs depend on the 
country of production. Therefore, electricity price directly 
influences the calculation of the LCC and this has effects on 
the industrial competitiveness. For that reason the energy price 
affect investment decisions and company strategies. [28] To 
consider these circumstances, various coefficients (λ) have to 
be introduced in the calculation. 
4 The forecasting tool for running costs of technologies 
With the main objective, to estimate the prospective life-
time costs and especially the energy consumption, a calcula-
tion tool for the decision support was developed. The tool 
contains the data structure, which is needed for a holistic view. 
The required data is predetermined and this prevents relevant 
aspects from being forgotten. 
In order to assess the life-cycle costs at an early planning 
stage, the tool has to support the following three main fea-
tures. Accessing to databases, which contains the essential 
energy values for MEM, maintenance data etc. A considera-
tion of Technology Structure Plans (TSP) for the respective 
manufacturing technologies (analogous to the job description). 
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Also a consideration of holistic contexts, such as that when 
using resistance spot welding technology additional extraction 
is necessary. For example, for energy this will be considered 
by means of energy overhead cost calculations. 
In addition to that, general conditions, such as the shift 
model, run times, workloads, etc. are taken into account. The 
tool allows to model a simplified version of the complex 
manufacturing technologists and consider relevant influences 
to the lifetime and energy costs. 
4.1 Calculation model to estimate the life-cycle costs 
For the assessment of running costs of manufacturing tech-
nologies two key figures are important. The static considera-
tion of all costs and a dynamic consideration, which take into 
account at which date the cost incurred. In the tool the first 
key figure as summation is realized and the second one is 
modelled as net present value (NPV) calculation. With regard 
to entrepreneurial actions, the prospective running costs be-
come comparable that occur at any time by discounting to the 
beginning of the investment. The functionality of NPV is 
shown in Fig. 2. 
 
Fig. 2. Functionality of the net present value method. 
For the calculation, it is necessary that the time period t 
will be set. The shorter the time period chosen, the more elab-
orate will be the calculation and it increases the amount of 
data needed. For this tool, a time period of one year is chosen. 
The basic calculation of the net present costs (NPC) is shown 
in (5), where Ct are the costs in period t and r is the calculato-
ry interest rate. 
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For a better comparability, the LCC of production equip-
ment will be multiplied, under consideration of the present 
value, with the joining equivalents (ξ) and the result divided 
by the joining per lifetime (ΘT). Thus, the Net Present Life-
Cycle Costs (NPLCC) per Standard Joining Equivalent (SJE) 
can be calculated like it is shown in (6). 
4.2 The architecture of the decision support tool 
To verify the method, a first prototypical implementation is 
completed in MATLAB. The basic part is the TSP, where all 
relevant needed components of a specific production tech-
nique are modelled. This is supported by components library, 
which contains example components and their associated 
values. The library are realized with different XML files. The 
basic architecture is shown in Fig. 3. 
Fig. 3. Architecture of the decision tool. 
When the general functionality of the presented approach 
is proved, the tool has to be implemented in more user-
friendly application. 
5 Case study of the presented forecasting method 
To verify the calculation method for prospective costs a 
sample robot cell for gluing in the body shop is chosen. The 
results of the calculation are shown in Fig. 4. On the left side 
is the NPLCC for a running time of seven years presented. 
Followed by the costs per year. Additionally, the cost struc-
ture is divided in the five main cost driver. 
This simple draft view is intended for the decision makers, 
so they don’t have to understand the complex structure behind 
the tool and still can take the right decision. 
Due to the fact that the complexity of the respective manu-
facturing technologies will be reduced to a necessary mini-
mum during the planning stages, it is possible to estimate the 
LCC of the production equipment with justifiable efforts. And 
so the planner is able to choose suitable components and 
techniques for the requested production tasks, which increases 
the sustainability of the factory. 
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Fig. 4. Result of the NPLCC calculation for the sample cell. 
6 Conclusions and future work 
Both, ecological aspects and economic reasons are the 
driver to have a closer look at LCC for production technolo-
gies. Hence, sustainability in planning and operating factories 
is an important objective to be a successful competitor in a 
worldwide market. Due to the fact that the biggest influence 
on the lifetime costs are in the planning phase, a decision 
support tool with regard to the special needs in the early plan-
ning phase is helpful for planners and decision-makers. 
With the presented approach an approximate value for the 
running costs of manufacturing technologies can be deter-
mined. The advantage of this method is that the necessary 
support processes are taken into account and the manufactur-
ing planner or other decision-maker get a first impression of 
the prospective running costs. 
The further challenges for an extended holistic life-cycle 
management for manufacturing processes are the advance-
ment of the MEM approach as well as to raise the amount and 
quality of the used data. The objectives are that MEM con-
tributes to identify and realize sustainable solutions in ad-
vance and increase as a consequence profitability of a factory. 
This, together with the fact that the presented method has to 
be combined with other approaches, like total productive 
maintenance (TPM), will in the long term improve the overall 
sustainability of the manufacturing technologies. 
Finally, this approach has to be validated with an extension 
to more manufacturing technologies, but also with different 
use cases from other production industry outside the automo-
tive industry. This will demonstrate the strengths and weak-
nesses of the developed methodology. 
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